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Description 

[NON-VOLATILE MEMORY CELL AND 
MANUFACTURING METHOD THEREOF] 

Cross Reference to Related Applications 

[0001] This application claims the priority benefit of Taiwan ap- 
plication serial no. 92 137266, filed on December 29, 
2003. 

Background of Invention 

[0002] Field of the Invention 

[0003] The present invention relates to a semiconductor memory 
device. More particularly, the present invention relates to 
a non-volatile memory cell and manufacturing method 
thereof. 

[0004] Description of the Related Art 

[0005] Among various types of non-volatile memory products, 
electrically erasable programmable read-only memory 
(EEPROM) is a memory device that allows multiple data 
writing, reading and erasing operations. In addition, the 



stored data will be retained even after power to the device 
is removed. With these advantages, it has been broadly 
applied in personal computer and other electronic equip- 
ment. A typical EEPROM has a polysilicon floating gate and 
a polysilicon control gate. To program data into the mem- 
ory device, electrons are injected into the floating gate. 
The injected electrons will distribute evenly across the en- 
tire polysilicon floating gate. However, a defective tunnel- 
ing oxide layer underneath the polysilicon floating gate 
defective would result in leakage current adversely affect- 
ing the reliability of the device. 

[0006] To avoid leakage current in the EEPROM device, a charge- 
trapping layer is used instead of the conventional polysili- 
con floating gate. The charge-trapping layer is fabricated 
using silicon nitride, for example. In general, the silicon 
nitride charge-trapping layer is sandwiched between a 
pair of silicon oxide layers to form an oxide-nitride-oxide 
composite stack structure. The EEPROM device with the 
stacked gate structure is known as a silicon/ox- 
ide/nitride/oxide/silicon (SONOS) memory device. 

[0007] Fig. 1 is a schematic cross-sectional view of a conven- 
tional SONOS memory cell. As shown in Fig. 1, the SONOS 
memory cell includes a substrate 100, a composite dielec- 



trie layer 102 having a silicon oxide layer 102a, a silicon 
nitride layer 102b and a silicon oxide layer 102c, a control 
gate 104, a drain region 106a and a source region 106b. 
The silicon oxide layer 102a/ silicon nitride layer 102b/ 
silicon oxide layer 102c composite dielectric layer 102 
and the control gate 104 are sequentially disposed over 
the substrate 100 to form a stacked gate structure 108. A 
channel region 110 is formed in the substrate 100 under- 
neath the stacked gate structure 108. The drain region 
106a and the source region 106b are disposed in the sub- 
strate 100 next to each side of the stacked gate structure 
108. 

[0008] vvith the miniaturization of integrated circuit devices, 

length of the control gate in each SONOS memory cell is 
reduced. However, a reduction of gate length will shorten 
the channel 110 underneath the silicon oxide layer 102a. 
Hence, when data is programmed into the memory cell, 
the probability of a punch through between the drain re- 
gion and the source region is increased thereby affecting 
its electrical performance. Furthermore, width 104a of the 
channel 110 has significant effect on the storage effi- 
ciency of the SONOS memory cell. In general, the storage 
efficiency will deteriorate with a shortening of the gate 



width 104a. In addition, a reduction of memory cell di- 
mensions will eventually encounter critical dimension 
problem in photolithographic process. Thus, any method 
capable of increasing the coupling rate of a miniaturized 
SONOS memory cells is eagerly sought. 
[0009] On the other hand, with the invention of more powerful 
computer software, the demand for a larger memory ca- 
pacity by the software program also increases consider- 
ably. The present device miniaturization trend and mem- 
ory multiplication demands substantial modifications of 
the SONOS memory cell structure and manufacturing 
method thereof. In the deep sub-micron fabrication 
regime, how to increase memory storage capacity within a 

smaller space is now a common research topic. 
Summary of Invention 

[0010] Accordingly, the present invention provides a method of 
manufacturing a non-volatile memory cell capable of pro- 
ducing a miniaturized memory cell with a high coupling 
ratio. 

[0011] The present invention provides a non-volatile memory cell 
having a smaller device dimension to increase the level of 
integration and increase the memory cell coupling ratio to 
increase storage capacity. 



[0012] jhe structure of the memory cell includes at least a sub- 
strate having a trench, a gate, a first source/drain region, 
a composite dielectric layer and a second source/drain re- 
gion. The gate is located inside the trench. The first 
source/drain region is set at a bottom of the trench. The 
composite dielectric layer is set between the gate and the 
surface of the trench. The composite dielectric layer in- 
cludes at least a charge-trapping layer. The second 
source/drain region is set in the substrate next to the 
sides of the gate. 

[0013] Jhe composite dielectric layer further includes a bottom 
dielectric layer, a charge-trapping layer and a cap dielec- 
tric layer. Furthermore, the composite dielectric layer is a 
silicon-oxide/silicon-nitride/silicon-oxide stack layer. 

[0014] Accordingly, the composite dielectric layer (dielectric 

layer/charge-trapping layer/dielectric layer) of the non- 
volatile memory cell and the gate are set within the 
trench. Furthermore, the source/drain regions are set in 
the substrate at the bottom section and the top section of 
the trench. Therefore, the channel regions of the memory 
cell are set in the substrate along the trench sidewalls (i. 
e. the channel regions are vertically laid). Through careful 
control of the etching condition, the depth of the trench 



can be adjusted to obtain desired channel length. Accord- 
ingly, the channel length is not dependent on gate width, 
and therefore the length of the channel can be tailored 
according to the requirements regardless of the gate 
width to increase the integration of the device. 

[0015] The present invention also provides a method of manu- 
facturing a non-volatile memory cell. First, a substrate is 
provided. A trench is formed in the substrate and then a 
first source/drain region is formed at the bottom of the 
trench. Thereafter, a composite dielectric layer is formed 
over the surface of the trench. The composite dielectric 
layer includes at least a charge-trapping layer. A gate is 
formed over the composite dielectric layer. Finally, a sec- 
ond source/drain region is formed in the substrate on 
each side of the gate. 

[0016] In the present invention, the composite dielectric layer 
and the gate are formed within the trench in the sub- 
strate. Furthermore, the source/drain regions are set in 
the substrate at the bottom of the trench and in the sub- 
strate laterally adjacent to the trench. Thus, the channel 
region of the memory cell is set along the sidewalls of the 
trench (that is, vertical channel regions). Through careful 
control etching process conditions, the depth of the 



trench can be adjusted to obtain a desired channel length. 
Accordingly, the channel length is not dependent on gate 
width, and therefore the length of the channel can be tai- 
lored according to the requirements regardless of the gate 
width to increase the integration of the device. 

[0017] Furthermore, forming the composite dielectric layer 
(dielectric layer/charge-trapping layer/dielectric layer) 
and the gate inside the trench is equivalent to connecting 
a pair of devices in parallel. Hence, the effective channel 
length and memory cell current is increased compared 
with a conventional device having the same device dimen- 
sion and line width design. In other words, it is easier to 
distinguish between different logic states in the memory 
cells. In addition, the non-volatile memory cell can be 
fabricated using a simple semiconductor process so that 
the fabrication process may be easily integrated with 
other conventional complementary metal-ox- 
ide-semiconductor (CMOS) processes. 

[0018] It is to be understood that both the foregoing general de- 
scription and the following detailed description are exem- 
plary, and are intended to provide further explanation of 

the invention as claimed. 
Brief Description of Drawings 



[0019] The accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
following drawings illustrate embodiments of the inven- 
tion and, together with the description, serve to explain 
the principles of the invention. 

[0020] Fig. 1 is a schematic cross-sectional view of a conven- 
tional SONOS memory cell. 

[0021] Fig. 2A is a top view showing the structure of a non- 
volatile memory cell according to one embodiment of the 
present invention. 

[0022] Figs. 2B and 2C are schematic cross-sectional views of a 
non-volatile memory cell according to one embodiment of 
the present invention. 

[0023] Fig. 3 is an equivalent circuit diagram of a non-volatile 

memory cell according to one embodiment of the present 
invention. 

[0024] Figs. 4A and 4B are diagrams showing the process of pro- 
gramming/reading data into/out of a non-volatile mem- 
ory cell fabricated according to one embodiment of the 
present invention. 

[0025] Figs. 5A through 5F are schematic cross-sectional views 
showing the progression of steps for producing a non- 



volatile memory cell structure according to one embodi- 
ment of the present invention. 
[0026] Figs. 6A through 6D are schematic cross-sectional views 
showing the progression of steps for producing another 
non-volatile memory cell structure according to one em- 
bodiment of the present invention. 
Detailed Description 

[0027] Reference will now be made in detail to the present pre- 
ferred embodiments of the invention, examples of which 
are illustrated in the accompanying drawings. Wherever 
possible, the same reference numbers are used in the 
drawings and the description to refer to the same or like 
parts. 

[0028] Fig. 2A is a top view showing the structure of a non- 
volatile memory cell according to one embodiment of the 
present invention. Fig. 2B is a schematic cross-sectional 
view of the non-volatile memory cell taken along line A- 
A" of FIG. 2A. As shown in Figs. 2A and 2B, the structure 
of the non-volatile memory cell includes a substrate 200, 
a device isolation structure 204, a source/drain region 
206, a gate 208, a composite dielectric layer 210, a spacer 
212, a source/drain region 214, an inter-layer dielectric 
layer 216, a contact plug 218 and a conductive line 220. 



[0029] jhe substrate 200 is a silicon substrate, for example. The 
trench 202 is formed within the substrate 200. The device 
isolation structure 204 is set within the substrate 200 for 
defining an active region in the substrate 200. The device 
isolation structure 204 is a field oxide layer structure or 
shallow trench isolation (ST!) structure, for example. 

[0030] Jhe source/drain region 206 is formed at the bottom of 
the trench 202. The gate 208 fills the trench 202 with a 
top portion protruding above the surface of the substrate 
200. The gate 208 is fabricated using a doped polysilicon 
layer, for example. 

[0031] The composite dielectric layer 210 is formed between the 
gate 208 and the surface of the trench 202, and between 
the gate 208 and the substrate 200. The composite di- 
electric layer 210 includes at least a bottom dielectric 
layer 210a, a charge-trapping layer 210b and a cap di- 
electric layer 210c. The bottom dielectric layer 210a is 
fabricated using a silicon oxide material, for example. The 
bottom dielectric layer 210a mainly serves as a tunneling 
dielectric layer. Similarly, the cap dielectric layer 210c is 
fabricated using silicon oxide material, for example. The 
cap dielectric layer 210c serves as an insulation layer be- 
tween the charge-trapping layer 210b and the gate 208. 



Obviously, the bottom dielectric layer 210a and the cap 
dielectric layer 210c may also be fabricated using some 
other dielectric materials. The charge-trapping layer 201b 
is fabricated using silicon nitride material, for example. 
However, the charge-trapping layer 210b can be fabri- 
cated using other material capable of trapping electric 
charges, such as, tantalum oxide, strontium titanate and 
hafnium oxide. 

[0032] The spacers 212 are set on the sidewalls of the gate 208. 
The spacers 212 are fabricated using an insulating mate- 
rial. The source/drain region 214 is formed in the sub- 
strate 200 laterally adjacent to the gate 208. The source/ 
drain region 214 includes a lightly doped region 214a and 
a heavily doped region 214b. The lightly doped region 
214a is formed in the substrate 200 underneath the 
spacer 212. 

[0033] The inter-layer dielectric layer 216 is formed over the 

substrate 200. The conductive line 220 is set over the in- 
ter-layer dielectric layer 216. The conductive line 220 is 
electrically connected to the source/drain region 214 
through a contact plug 218. Here, the conductive line 220 
serves as a bit line and the gate 208 serves as a word line, 
for example. 



[0034] Accordingly, the composite dielectric layer (dielectric 

layer/charge-trapping layer/dielectric layer) of the non- 
volatile memory cell and the gate are set within the trench 
202. Furthermore, the source/drain regions 206, 214 are 
respectively set in the substrate 200 at the bottom section 
of the trench 202 and in the substrate 200 laterally adja- 
cent to the trench 202. Therefore, the channel region of 
the memory cell is set along the sidewalls of the trench 
(that is, vertical channel regions). Through careful control 
of etching process conditions, the depth of the trench can 
be adjusted to obtain a desired channel length of the 
channel. Accordingly, the channel length is not dependent 
on gate width, and therefore the length of the channel can 
be tailored according to the requirements regardless of 
the gate width to increase the integration of the device. 
Thus, the aforementioned problems leading to a punch 
through effect can be effectively avoided. 

[0035] Furthermore, the gate of the non-volatile memory cell 

may have a structure different from the one shown in Fig. 
2B. For example, the gate 208 may fill up the trench 202 
and protrude beyond the surface of the substrate 200 (as 
shown in Fig. 2C) without spreading sideways beyond the 
trench opening. Obviously, it is equally feasible to pro- 



duce a gate that fills the trench without protruding above 
the surface of the substrate 200. 

[0036] Fig. 3 is an equivalent circuit diagram of a non-volatile 

memory cell according to one embodiment of the present 
invention. As shown in Fig. 3, the memory cell can be re- 
garded as two semiconductor devices connected in paral- 
lel. The gates, the drains and the sources of the devices in 
each memory cell are connected through a common gate 
line (word line WL), a common drain line (bit line BL) and a 
common source line (SL) respectively. With this configura- 
tion, the density of current flowing through the memory 
cell is increased and the efficiency of programming/eras- 
ing operation is improved. 

[0037] Figs. 4A and 4B are diagrams showing the process of pro- 
gramming/reading data into/out of a non-volatile mem- 
ory cell fabricated according to one embodiment of the 
present invention. In Figs. 4A and 4B, elements identical 
to the ones in Figs. 2B are labeled identically. To program 
the memory cell in Fig. 4A, a biased voltage Vgp is applied 
to the gate 208 and another biased voltage Vup is applied 
to the source/drain region 214 while the source/drain re- 
gion 206 remains in a floating state. Hence, electrons are 
trapped within the charge-trapping layer 210b next to the 



source/drain region 214. To read data from the memory 
cell in Fig. 4A, a biased voltage Vcc is applied to the gate 
208 and another biased voltage Vur is applied to the 
source/drain region 214 while the source/drain region 
206 remains in a floating state. Thus, data can be read 
from the bit line next to the source/drain region 214. 
[0038] Similarly, in Fig. 4B, to program the memory cell, a biased 
voltage Vgp is applied to the gate 208 and a biased volt- 
age Vdp is applied to the source/drain region 206 while 
the source/drain region 214 remains in a floating state. 
Hence, electrons are trapped within the charge-trapping 
layer 210b next to the source/drain region 206. To read 
data from the memory cell in Fig. 4B, a biased voltage Vcc 
is applied to the gate 208 and another biased voltage Vdr 
is applied to the source/drain region 206 while the 
source/drain region 214 remains in a floating state. Thus, 
data can be read from the bit line next to the source/drain 
region 206. In other words, the non-volatile memory of 
the present invention has a two-bit per cell storage ca- 
pacity. 

[0039] The non-memory cell of the present invention is capable 
of trapping electrons in the charge-trapping layer at both 
positions next to source/drain regions 206, 214, or one 



of the positions next to tlie source/drain regions 206, 
214. IS/leanwhile, none of the two positions being trapped 
with electrons is also allowed. Hence, a memory cell with 
two-bit storage capacity is created. In other words, the 
present invention increases the data storage capacity of 
the memory cell without increasing the memory cell vol- 
ume so that the level of integration is increased. 

[0040] Figs. 5A through 5F are schematic cross-sectional views 
showing the progression of steps of fabricating a non- 
volatile memory cell structure according to one embodi- 
ment of the present invention. As shown in Fig. 5A, a sub- 
strate 300 having a device isolation structure thereon, 
defining an active region in the substrate 300, is provided. 
A pad oxide layer 302 and a mask layer 304 are sequen- 
tially formed over the substrate 300. The mask layer 304 
is a silicon nitride layer or other suitable material layer, 
for example. The mask layer 304 and the pad oxide layer 
302 are etched to form openings 305. 

[0041] As shown in Fig. 5B, using the patterned mask layer 304 
and the pad oxide layer 302 as a mask, a portion of the 
exposed substrate 300 is removed to form a trench 306 
by performing a dry etching operation such as a reactive 
ion etching operation. Thereafter, a source/drain region 



308 is formed at the bottom of the trench 306, for exam- 
ple, by performing an ion implantation process. Obvi- 
ously, the source/drain region 308 can be formed by 
some other methods. For example, a doped insulation 
layer (not shown) is formed at the bottom of the trench 
306 and then a cap layer (not shown) is formed on the 
sidewalls of the trench 306. Thereafter, the substrate 100 
is subjected to a thermal treatment to drive the impurities 
within the doped insulation layer into the substrate 300 at 
the bottom of the trench 306 and form the source/drain 
region 308. Finally, the doped insulation layer at the bot- 
tom of the trench 306 and the cap layer on the sidewalls 
of the trench 306 are removed. 
[0042] As shown in Fig. 5C, the mask layer 304 and the pad ox- 
ide layer 302 are removed and then a bottom dielectric 
layer 312 is formed on the surface of the substrate 300 
and the trench 306. The bottom dielectric layer 312 is a 
silicon oxide layer formed, for example, by performing a 
thermal oxidation process. Thereafter, a charge-trapping 
layer 314 is formed over the bottom dielectric layer 312. 
The charge-trapping layer 314 is a silicon nitride layer 
formed, for example, by performing a chemical vapor de- 
position (CVD) process. Furthermore, the charge-trapping 



layer 314 can be fabricated using some other materials 
including nitrides, tantalum oxide, strontium titanate or 
hafnium oxide, for example. Afterwards, a cap dielectric 
layer 316 is formed over the charge-trapping layer 314. 
The cap dielectric layer 316 is a silicon oxide layer, for 
example. The bottom dielectric layer 312, the charge- 
trapping layer 314 and the cap dielectric layer 316 to- 
gether form a composite dielectric layer 310. 
[0043] As shown in Fig. 5D, a conductive layer (not shown) is 

formed over the cap dielectric layer 316 to fill the trench 
306 completely. The conductive layer is a doped polysili- 
con layer or other suitable material layer. The conductive 
layer is patterned to form a gate 318 above the trench 
306. The gate 318 can be etched such that a portion 
thereof protruding from the trench 306 laterally extend 
over the surface of the substrate 300 (as shown in Fig. 5D) 
or remain above the trench 306. The exposed composite 
dielectric layer 310 is removed to form a residual com- 
posite dielectric layer 310a underneath the gate 318. 
Since the composite dielectric layer 310 has a silicon ox- 
ide/silicon nitride/silicon oxide stack structure, the non- 
volatile memory cell is called a silicon-ox- 
ide-nitride-oxide-silicon (SONOS) memory cell. There- 



after, a light doping process is carried out to form a 
lightly doped region 320 in the substrate on each side of 
the gate 318. 

[0044] As shown in Fig. 5E, spacers 322 are formed on the side- 
walls of the gate 318. The spacers 322 are fabricated us- 
ing an insulating material such as silicon nitride or other 
suitable material. Thereafter, a heavy doping process is 
carried out to form a heavily doped region 324 in the sub- 
strate 300 laterally adjacent to the spacers 322. The 
lightly doped region and the heavily doped region 324 to- 
gether form a source/drain region 326. 

[0045] As shown in Fig. 5F, an inter-layer dielectric layer 328 is 
formed over the substrate 300. The inter-layer dielectric 
layer 328 is a borophosphosilicate glass (BPSG) layer or a 
phosphosilicate glass (PSG) layer formed, for example, by 
performing a chemical vapor deposition. An additional 
chemical-mechanical polishing operation is also per- 
formed to planarize the upper surface of the inter-layer 
dielectric layer 328. Thereafter, a contact plug 330 is 
formed inside the inter-layer dielectric layer 328 to elec- 
trically connect with the source/drain region 326. The 
contact plug 330 is formed, for example, by forming an 
opening (not shown) that exposes the source/drain region 



326 and depositing conductive material into tlie opening 
afterwards. A conductive line 332 that electrically con- 
nects with the contact plug 330 is formed over the inter- 
layer dielectric layer 328. Subsequently, other downstream 
processes are carried out to complete the fabrication of 
the memory cell. Since conventional processes are used to 
complete the fabrication of the memory cell, detailed de- 
scription of those operations is omitted herein. 

[0046] Figs. 6A through 6D are schematic cross-sectional views 
showing the progression of steps fabricating a non- 
volatile memory cell structure according to another em- 
bodiment of the present invention. Those elements in 
Figs. 6A through 6C that are identical to the ones in Figs. 
5A through 5F are labeled identically. As shown in Fig. 6A, 
a substrate 300 having a patterned pad oxide layer 302 
and a patterned mask layer 304 formed thereon is pro- 
vided. Subsequently, a trench 306 is formed in the sub- 
strate 304 and a source/drain region 308 is formed at the 
bottom of the trench 306. 

[0047] As shown in Fig. 6B, a conformal composite dielectric 
layer 310 is formed over the surface of the trench 306. 
The composite dielectric layer 310 includes a bottom di- 
electric layer 314, a charge-trapping layer 314 and a cap 



dielectric layer 316. Thereafter, a conductive layer (not 
shown) formed over the composite dielectric layer 310 
completely filling the trench 306. The conductive layer 
and the composite dielectric layer 310 outside the trench 
306 are removed to expose the mask layer 304 is exposed 
to form a gate 318 within the trench 306. 

[0048] As shown in Fig. 6C, the mask layer 304, the pad oxide 
layer 302 and a portion of the composite dielectric layer 
310 are removed. Hence, a residual composite dielectric 
layer 310a remains inside the trench 306. Thereafter, a 
lightly doped region 320 is formed in the substrate 300 
laterally adjacent to the gate 318 and then spacers 322 
are formed on the sidewalls of the gate 318. A heavily 
doped region 324 is formed in the substrate 300 on each 
side of the gate 318 laterally adjacent to the spacers 322. 
The lightly doped region 320 and the heavily doped re- 
gion 324 together form a source/drain region 326. 

[0049] As shown in Fig. 6D, an inter-layer dielectric layer 328 is 
formed over the substrate 300. A contact plug 330 is 
formed in the inter-layer dielectric layer 328 to electrically 
connect with the source/drain region 326. Thereafter, a 
conductive line 332 is formed to electrically connect with 
the contact plug 330 over the inter-layer dielectric layer 



328. Subsequently, other downstream processes are car- 
ried out to complete the fabrication of the memory cell. 
Since conventional processes are used to complete the 
fabrication of the memory cell, detailed description of 
those operations is omitted herein. 

[0050] Accordingly, in the present invention, the composite di- 
electric layer (dielectric layer/charge-trapping layer/ 
dielectric layer) and the gate are set within the trench. 
Furthermore, the source/drain regions are set in the sub- 
strate at the bottom section and the top of the trench. 
Therefore, the channel regions of the memory cell are set 
along the sidewalls of the trench (i.e. the channels are 
vertically laid). Through careful control of the etching pro- 
cess conditions, the depth of the trench can be adjusted 
to obtain a desirable channel length. Accordingly, the 
channel length is not dependent on gate width, and there- 
fore the length of the channel can be tailored according to 
the requirements regardless of the gate width. Thus, the 
present invention allows further size reduction in the de- 
vice without risk of punch through effect. 

[0051] Furthermore, forming the composite dielectric layer 

(dielectric layer/charge-trapping layer/dielectric layer) 
and the gate inside the trench is equivalent to connecting 



a pair of devices in parallel. Hence, the coupling ratio and 
storage capacity of the memory cell is increased compared 
to a conventional device having the same device dimen- 
sion and line width design. In addition, the non-volatile 
memory cell can be fabricated using a simple semicon- 
ductor process so that the fabrication process can be eas- 
ily integrated with other conventional complementary 
metal-oxide-semiconductor (CMOS) processes. 
[0052] It will be apparent to those skilled in the art that various 
modifications and variations can be made to the structure 
of the present invention without departing from the scope 
or spirit of the invention. In view of the foregoing, it is in- 
tended that the present invention cover modifications and 
variations of this invention provided they fall within the 
scope of the following claims and their equivalents. 



